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Abstract 

Background: Several studies have demonstrated that sites of chronic inflammation are often associated with the 
establishment and growth of various malignancies. A common inflammatory condition in humans is autoimmune 
arthritis (AA). Although AA and cancer are different diseases, many of the underlying processes that contribute to 
the disorders of the joints and connective tissue that characterize AA also affect cancer progression and metastasis. 
Systemically, AA can lead to cellular infiltration and inflammation of the lungs. Several studies have reported 
statistically significant risk ratios between AA and breast cancer. Despite this knowledge being available, there has 
been minimal research linking breast cancer, arthritis, and metastasis associated with breast cancer. Notably both 
diseases are extremely prevalent in older post-menopausal women. 

Methods: To establish the novel link between arthritis induced inflammation and secondary metastasis associated 
with breast cancer, PyV MT mice that spontaneously develop mammary gland carcinoma were injected with Type 
II collagen (Cll) to induce arthritis at 9 and 18 weeks of age for pre-metastatic and metastatic condition. The sites 
of secondary metastasis and the associated inflammatory microenvironment were evaluated. 

Results: A significant increase in breast cancer-associated secondary metastasis to the lungs and bones was 
observed in the arthritic versus the non-arthritic PyV MT mice along with an increase in primary tumor burden. We 
report significant increases in the levels of interstitial cellular infiltrates and pro-inflammatory cytokines such as 
interleukin-17 (IL-17), interleukin-6 (IL-6), Pro- Matrix metallopeptidase 9 (Pro-MMP9), insulin like growth factor-ll (GF- 
II) and macrophage colony stimulating factor (M-CSF) in the arthritic lung and bone milieu as well as in the 
circulation. These pro-inflammatory cytokines along with the inflammatory microenvironment may be the 
underlying factors facilitating tumor progression and metastasis in arthritic PyV MT mice. This was further 
substantiated by treatment with celecoxib, an anti-inflammatory drug + alL-17 antibody that significantly reduced 
the secondary metastasis to lung and bone. 

Conclusions: The data generated not only reveal the underlying mechanism of high susceptibility to bone and 
lung metastasis in an arthritic condition but our combination therapies may lead to treatment modalities that 
will be capable of reducing tumor burden, and preventing relapse and metastasis in arthritic patients with 
breast cancer. 
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Background 

While advances have been made in breast cancer thera- 
pies, metastatic breast cancer remains an incurable dis- 
ease, and thus the prevention of metastases must be a 
priority. The preference of breast cancer cells to grow in 
the bone and lung is underscored by the fact that 65- 
75% of patients with advanced disease develop metasta- 
sis in these organs [1]. We hypothesize that the pro- 
inflammatory microenvironment within the bone and 
lung caused by certain inflammatory conditions may 
partly account for the high prevalence of secondary 
metastasis to those organs. 

One such common inflammatory condition in humans 
is autoimmune arthritis (AA) which results in inflamma- 
tion and deformity of the joints. Other systemic effects 
associated with arthritis include increased cellular infil- 
tration and inflammation of the lungs [2]. Although AA 
does not increase the risk for BC, several studies have 
reported that compared to cancer patients without rheu- 
matoid arthritis (RA), those with RA have poor prog- 
nosis and higher mortality. Specifically, patients with 
non-Hodgkins lymphoma, skin cancer, and BC have sig- 
nificantly lower survival if they suffer from RA com- 
pared to their non-arthritic counterparts [3-8]. 

Despite this knowledge available for a decade, it has 
not been fully studied in bones and lungs, the sites of 
chronic inflammation associated with AA, creates a 
milieu that attracts tumor cells to home and grow in 
the inflamed organs which are frequent sites of breast 
cancer metastasis [8]. There has been minimal research 
investigating the link between breast cancer-associated 
metastasis and arthritis even though both diseases share 
several common molecular pathways of pathogenesis 
and both diseases are highly prevalent in post menopau- 
sal women. 

We have recently shown that the incidence of breast 
cancer-associated bone and lung metastasis was signifi- 
cantly higher in mice that develop spontaneous arthritis 
[9]. This was the first study that undoubtedly established 
a correlation between the pro-inflammatory microenvir- 
onment in bones and lungs during AA and the homing 
of circulating tumor cells in these sites of inflammation. 
Data from these studies were further substantiated in a 
clinically relevant model of spontaneous metastatic 
mammary carcinoma induced to develop arthritis. 
Hence, this study is a sequel of our previous study and 
our data corroborates a novel link between arthritis 
induced inflammation and secondary metastasis asso- 
ciated with breast cancer. 

The model of spontaneous metastatic mammary gland 
tumors known as the MMTV-PyV MT mice carry the 
polyoma virus middle T-antigen driven by the mouse 
mammary-tumor virus promoter [10-12]. This oncogene 



is active throughout all stages of mammary gland devel- 
opment, resulting in widespread transformation and 
production of multifocal mammary adenocarcinomas 
with -30-40% of the mice exhibiting lung metastasis by 
18-26 weeks of age [10-13]. The PyV MT mice were 
induced to develop arthritis by administration of Type II 
Collagen (CII) at two time points: when the mice were 9 
or 18 weeks of age designated pre-metastatic or meta- 
static stage respectively. The collagen-induced arthritis 
(CIA) model has been the most widely accepted model 
for inducing AA in mice. CIA is elicited in mice by 
immunization with CII emulsified in complete Freund's 
adjuvant (CFA). The ensuing pathogenesis shares several 
pathological features with rheumatoid arthritis (RA), 
including synovial hyperplasia, mononuclear cell infiltra- 
tion, and cartilage degradation and the mechanism by 
which arthritis is induced by collagen injection in these 
mice is already established [14,15]. 

Data clearly demonstrates a significant increase in 
bone and lung metastasis and decreased survival in 
the arthritic versus the non-arthritic PyV MT mice. In 
addition, we have identified some of the key proin- 
flammatory factors in the arthritic lung and bone 
microenvironment and also in circulation that may 
contribute to the increased incidence of secondary 
metastasis. Further, we determined that blocking the 
COX-2/PGE 2 and IL-17 pathways significantly 
reduced the formation of secondary metastasis in the 
PyV MT mice. 

This study is of high importance with vital clinical 
implications, especially in the prevention of metastasis, 
in designing combination drug regimens, and as a diag- 
nostic risk-assessment tool in patients with arthritis and 
breast cancer. 

Methods 

Mice 

PyV MT oncogenic mice were originally a gift from Dr. 
W. J. Muller (McGill University, Toronto, Canada) [10]. 
The PyV MT mice that we have used are congenic on 
the C57B1/6 background and have been used in several 
of our prior publications [13,16-19]. PCR was used to 
routinely identify the PyV MT oncogene. PCR was car- 
ried out as described previously [13]. Amplification of 
PyV MT gene results in a 480-bp fragment. 

All mice were bred and maintained in specific patho- 
gen-free conditions in the Mayo Clinic Scottsdale Nata- 
lie Schafer Transgenic Animal Facility and UNCC 
Animal Facility. All experimental procedures were con- 
ducted according to Institutional Animal Care and Use 
Committee guidelines. All protocols were approved by 
the Mayo Clinic and UNCC Internal Animal Care 
Review Committee. 
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Induction of Arthritis 

The PyV MT mice with spontaneous breast cancer were 
injected with 50 uls of 2 mg/ml CII (MD Biosciences, 
St. Paul, MN, USA) in CFA (Difco laboratories, Michi- 
gan, USA) intradermally -1.5 cms distal from base of 
tail at two time points, at 9 weeks of age when the pri- 
mary tumors are undetectable and at 18 weeks of age 
when the primary tumors are large enough and metasta- 
sis is expected to occur [10,11]. Fifty-sixty percent of 
mice develop arthritis within 15-30 days post collagen 
injection and the mechanism is established [14]. 

Generation of PyV MT cells 

To generate the PyV MT cell line, the tumors were dis- 
sociated in collagenase IV (1 mg/ml) (Worthington Bio- 
chemical Corporation, 730 Vassar Ave, NJ 08701) at 37° 
C for 30 mins. Then the tumors were meshed, cells 
counted and ~3 x 10 6 cells were plated in C-DMEM. 
Post 24 hours cells were replenished with fresh media. 

Measurement of PGE 2 levels in the serum 

PGE 2 levels in the serum were determined as previously 
reported using a specific ELISA kit for PGE 2 metabolite 
(PGEM) (13, 14-dihydro-15-keto-PGA2) (Cayman Che- 
micals, Ann Arbor, MI, USA) [20]. Manufacturer's 
recommended protocols were followed. Serum was 
diluted appropriately to ensure that readings were 
within the limits of accurate detection. Results are 
expressed as picograms of PGEM/per ml. of serum. 

Measurement of cytokines 

The RayBio® Custom Mouse Cytokines Antibody Array 
kit was purchased from Ray Biotech (Norcross, GA, 
USA) and used according to the manufacturer's instruc- 
tions. To measure the cytokines in the lung and bone 
microenvironment, 300 and 100 ug of protein was used 
respectively. Chemiluminescence was detected using an 
EpiChemi3® Darkroom imaging system and Lab 
Works® densitometry software (both from UVP Bioima- 
ging, Upland, CA, USA). Data was corrected for back- 
ground signal and normalized to positive controls using 
RayBio® Analysis Tool software as published (UVP Bioi- 
maging, Upland, CA, USA). 

Invasion Assays 

PyV MT cells were serum-starved for 24 hrs prior to 
plating for the invasion assay. Cells in serum free media 
(50,000 cells) were plated over transwell inserts (BD 
Biosciences, San Jose, CA), pre-coated with reduced 
growth factor matrigel, and were permitted to invade 
towards lung lysate (300 ug protein) and bone lysate 
(100 ug protein) contained in the bottom chamber for 
24 hours. Percent invasion was calculated as absorbance 
of samples/absorbance of controls x 100 [21]. 



Histology 

Lungs and tumor sections were formalin fixed in 10% 
neutral-buffered formalin (pH 6.8-7.2) for a minimum of 
24 hours. Paraffin embedded blocks was prepared by the 
Histology Core at The Mayo Clinic and 4-micron thick 
sections were cut for hematoxylin eosin (H&E) staining 
and for immuno-staining. Bones were decalcified using 
Cal-Rite (Richard Allan Scientific, Kalamazoo, MI), a for- 
mic acid decalcification agent prior to IHC. For VEGF, 
Pancytokeratin, and PCNA staining, sections were sub- 
jected to antigen retrieval using the DAKO Target Retrie- 
val agent (Dako North America, Carpentaria, CA, USA). 
Primary antibodies to VEGF, PCNA, and pancytokeratin 
were purchased from Santa Cruz Biotechnologies, Santa 
Cruz, CA, USA and BD Biosciences, CA, USA). To deter- 
mine macrophage infiltration, F4/80 antibody was pur- 
chased from Abeam, Cambridge, MA, USA. 
Corresponding secondary antibodies were purchased 
from DAKO. For all slides, 3,3" -Diaminobenzidine (Vec- 
tor laboratories, Burlington, CA, USA) was used as the 
chromogen and hematoxylin was used as counterstain. 
For neutrophil staining, a standard Naphthol AS-D 
Chloroacetate Esterase staining using a kit from Sigma 
was used. (Sigma, St Louis, MO, USA; Cat: # 91C-lKit) 
was used. Masson trichome staining on bone was used to 
determine levels of osteoclasts. All slides were examined 
under light microscopy and pictures taken at magnifica- 
tions indicated in the Figure legend. 

Western Blots and Antibodies 

Equal quantities of tumor lysates were loaded on SDS- 
PAGE gels. COX-2 and P-actin antibodies were purchased 
from Santa Cruz Biotechnology, Santa Cruz, CA and were 
used according to manufacturers recommendations. 

Study design for the IL-17 + celecoxib treatment 

To test the efficacy of anti-IL-17 antibody treatment on 
breast cancer-associated metastasis, PyV MT mice were 
injected with 50 uls of 2 mg/ml CII in CFA at 12 wks. 
Post 3- weeks of collagen injection, four i.p injections of 
5 ug/ml of anti-IL17 antibody (BD Pharmingen, San 
Diego, CA) once every two weeks was administered. 
Celecoxib (20 mg/kg in 100 ul 10% DMSO) was gavaged 
[22] starting at the same time as the anti-IL-17 antibody 
but was given daily until sacrifice except for the week- 
ends. One week after the last injection, mice were sacri- 
ficed. Controls included PyV MT mice induced with 
arthritis and injected with 5 ug/ml rat immunoglobulin 
(Ig) Gl control antibody (BD Pharmingen, San Diego, 
CA) in 100 ul PBS. 

Image Acquisition and Analysis 

Bright field images were captured from immunostains of 
the mouse tissue using an Olympus microscope 
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Olympus BX60, U-ND25-2 (Olympus; Melville, NY) 
with magnifications (referred in Figure Legend) using 
the DP70 controller, processor and analysis software. 

Red-green-blue (RGB)-filtered grayscale values from 
images from microscopic slides of mouse tissue, stained 
with DAB, hematoxylin or both were analyzed using the 
Image-Pro Plus and NIH Image processing and analyz- 
ing program [22]. A simple translation algorithm using 
the RGB information was developed, providing the 
option for separation of DAB only- and double-stained 
areas from hematoxylin only-stained areas by means of 
subject specific thresholding, based on the correlations 
between the R-G- and B-filtered grayscale values. A 
good separation of DAB- and double-stained pixels from 
hematoxylin- stained pixels was achieved. Significant dif- 
ferences in relative areas stained and mean specific 
intensity for the stains between control and treatment 
groups in mouse tissue were tabulated. N = 3 mice and 
5 fields are provided. 

The densitometric analyses of immunoblots were per- 
formed using NIH Image (obtained from the NIH Web 
site: http://rsb.info.nih.gov/nih-image). Results are pre- 
sented as mean values of arbitrary densitometric units 
corrected for background intensity and normalized to 
the expression of P-actin, or as fold increase over levels 
in unstimulated cells. 

X-Ray imaging 

The Pix array 100 x-ray machine was used for bone 
imaging. The Pix array 100 (Bi Optic Inc, Santa Clara, 
CA, USA) is a commercially available x-ray machine 
that is designed for animal x-ray [23]. The analysis was 
conducted in Carolinas Medical Center within the 
Department of Orthopedic Surgery. 

Statistical analysis 

Data were analyzed using GraphPad software (GraphPad 
Prism version 4.00 for Windows; GraphPad Software, 
San Diego, CA, http://www.graphpad.com). Results 
expressed as mean ± SEM and are representative of 
greater than or equal to three separate experiments. 
Comparison of groups were performed using one-way 
or two-way ANOVA followed by the Bonferroni post- 
test for multiple comparisons (*p < 0.05, **p < 0.01, ***p 
< 0.001). Student's t-test was used for comparing the 
level of significance between the experimental groups. 

Results 

Decreased survival in arthritic versus non-arthritic PyV MT 
mice 

Survival was assessed in PyV MT mice that were 
induced to develop autoimmune arthritis (AA) with col- 
lagen II injection at week 9 week of age. The PyV MT 
mice develop hyperplasia when the mice hit puberty 



around 6-8 weeks of age followed by carcinoma-in-situ 
and palpable mammary gland tumors by 12-14 weeks of 
age leading to invasive adenocarcinoma by 18-24 week 
of age. Thus, we were able to study the effect of arthritis 
on survival when A A was induced at the pre- metastatic 
stages (at 9 weeks of age). This model is clinically rele- 
vant, as tumors arise in an appropriate microenviron- 
ment, in the context of a viable immune system, and are 
phenotypcially similar to human breast tumors. The sur- 
vival of the PyV MT mice was significantly diminished 
with collagen-induced arthritis where all arthritic mice 
had to be euthanized by 149 days (~ 21 weeks) due to 
high tumor burden, ulceration of tumor, sluggish 
motion, hunched back and interferences with normal 
ambulation compared to 170+days (-24-25 weeks) for 
PyV MT mice without arthritis (P < 0.001) (Figure 1A). 

Remodeling of the primary mammary gland tumor in 
arthritic PyV MT mice 

PyV MT mice were induced to develop autoimmune 
arthritis with collagen II injections at week 9 and week 
18 of age (pre and post metastatic stage). We questioned 
if the primary tumor itself was affected by the arthritic 
milieu. The primary tumor burden was significantly 
increased in the PyV MT mice with arthritis compared 
to PyV MT mice without arthritis (P < 0.01, n = 10-13 
mice) (Figure IB) regardless of whether arthritis was 
induced at pre or post-metastatic stage. Higher tumor 
burden correlated with increased cellular infiltration 
within the tumor microenvironment which was deter- 
mined by quantifying the areas of infiltration in the 
H&E stained tumor sections (Figure 2A-F). 

Integrated density was used to quantify the levels of 
infiltrating cells. Quantification was based on 5 fields 
with n = 3 tumor sections per experimental group and 
presented in Table 1. Further, we show increased 
macrophage infiltration within the PyV MT tumors of 
arthritic versus non-arthritic mice indicated by F4/80 
staining (Figure 2G-L). The number of F4/80 positive 
cells have been counted in 5 fields in n = 3 tumor sec- 
tions from each experimental group and results docu- 
mented in Table 2. This was accompanied by increased 
levels of proliferating cell nuclear antigen (PCNA) stain- 
ing (Figure 3A-C) within the tumor implying higher 
proliferation in the arthritic versus the non-arthritic 
tumors. Table 3 shows the number of PCNA-positive 
cells in 5 sections in n = 3 tumors from each experi- 
mental group. Since cyclooxygenase-2 (COX-2) and vas- 
cular endothelial growth factor (VEGF) are hallmarks of 
inflammation, angiogenesis, and metastasis, we investi- 
gated the expression of COX-2 and VEGF in the tumors 
of our experimental mice. Western blotting was used to 
determine COX-2 levels and IHC used to determine 
VEGF levels. Significant increases in VEGF and COX-2 
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Figure 1 Lower survival coupled with higher tumor burden of the arthritic versus non-arthritic PyV MT mice. A: Significant diminution in the 
survival of arthritic versus non-arthritic PyV MT mice. N = 6 mice [*p < 0.01 (Cll injected at 9 wks of age)]. B: Significantly higher tumor burden in 
arthritic versus non- arthritic PyV MT mice. N = 10 mice. *p < 0.01 (Cll injected at 9 or 18 weeks) compared to non-arthritic PyV MT mice. 



expression was detected in the primary tumors of the 
arthritic versus the non-arthritis PyV MT mice (Figure 
3D-F and Figure 3G). IHC and Western blots were 
quantified and results reported in Tables 4 and 5. Data 
suggests that the induction of AA in PyV MT mice cre- 
ates a pro-inflammatory and angiogenic microenviron- 
ment in the primary tumor, further promoting tumor 
progression. All IHC staining were quantified using the 
Image-Pro Plus and NIH Image processing and analysis 
programs. 

Significant increase in osteolytic metastatic lesions in the 
arthritic PyV MT versus non-arthritic PyV MT mice 

We observed that 50% of arthritic PyV MT mice devel- 
oped bone metastasis while none of the non-arthritic PyV 
MT mice showed bone metastasis (Figure 4). Bones from 
n = 8 mice were analyzed by x-ray imaging for osteolytic 
lesions. Representative images from these groups are 
shown in Figure 5A-F. Clear osteolytic lesions were 



evident in the femur of the arthritic but not the non- 
arthritic PyV MT bones (as indicated by the arrow). The 
control C57BL/6 mice induced with arthritis did not show 
any lesions which confirms that the osteolytic lesions are 
driven by the primary mammary gland tumors. 

To further confirm epithelial cell lesions, the bone 
sections were stained with pancytokeratin and results 
are shown in Figure 5G-I. Clear lesions are detected in 
the arthritic PyV MT bones but not in the non-arthritic 
PyV MT bones. 

Significant increase in lung metastasis in the arthritic PyV 
MT mice 

We observed >2-fold increase in the incidence of lung 
metastasis in the arthritic versus non-arthritic PyV MT 
mice (7/10 mice with CII administered at 18 wks, and 
9/13 mice with CII injected at 9 wks) compared to the 
PyV MT mice with no CII (3/11 mice) (Figure 6). Lung 
lesions were visualized under dissecting microscope as 
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Figure 2 Increased cellular infiltration within the PyV MT tumors of arthritic versus non-arthritic mice. A - F: H&E staining showing 
inflammation in the tumor microenvironment; A and D: PyV MT (Low inflammation); B and E: PyV MT + Cll at 9 (severe inflammation); C and F: 
PyV MT + Cll at 18 wks (severe inflammation). The images of tumor sections were taken at 200x (A-C) and 400x (D-F) magnification from the 
same area. Representative of n = 10 mice is shown. G-L: Increased macrophage infiltration within the PyV MT tumors of arthritic versus non- 
arthritic mice indicated by F4/80 staining. The images of the macrophage staining were taken at 600x magnification. Representative of n = 3 
mice is shown. 
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Table 1 Quantification of inflammation in the tumors of 
arthritic versus non-arthritic PyV MT mice 



Quantification in tumor 


IntDen Inflammation 


PyV MT 


50.3 ± 19 


PyV MT + Cll at 9 wks 


322 ± 17 


PyVMT + CII at 18 wks 


337 ± 22 



Integrated density (IntDen) from 5 fields per tumor in n = 3 animals from 
each experimental group. 



indicated by arrows (Figure 7A-F) and by H&E staining 
and histology showing clear metastasis (indicated by 
arrows) (Figure 7G-L). These results are especially sig- 
nificant since it represents true metastasis arising from 
the spontaneously occurring primary mammary gland 
tumors. 

Significant inflammation detected in the bones and lungs 
of arthritic PyV MT mice 

To decipher why primary tumor cells are attracted to 
the arthritic bones, we initially conducted histology of 
bone sections from all six experimental groups. Repre- 
sentative images of H&E staining are shown in Figure 
8A-F for bone sections from C57/BL6, C57BL/6 + CII 
at 9 wks, C57BL/6 + CII at 18 wks, PyV MT, PyV MT 
+ CII at 9 wks, and PyV MT + CII at 18 wks. Enhanced 
inflammation with increased cellular infiltration was 
clearly observed in the C57/BL6 bones from arthritic 
mice as compared to the non-arthritic C57BL/6 and 
PyV MT bones. The severity of inflammation was aug- 
mented with arthritic PyV MT bones suggesting that 
the metastatic PyV MT tumor may have the potential to 
enhance the severity of arthritis (Figure 8A-F). N = 8 
mice were evaluated with similar results. The results are 
tabulated as integrated density (IntDen) from n = 3 
mice in Table 6. Inflammatory signals are known to 
induce osteoclast maturation and bone resorption 



during CH-induced arthritis. Such phenomena mainly 
occur at the interface between proliferating synovium 
and bone tissue in arthritis. High cellular infiltration in 
the arthritic PyV MT mice was associated with 
increased bone destruction as evidenced by the 
increased osteoclasts in these mice (Figure 8G-L) as 
compared with PyV MT with no CII. Taken together 
these data suggest that the metastatic breast cancer cells 
may contribute to the vicious cycle of osteolytic 
destruction. 

To further demonstrate the chemotactic microenvir- 
onment in the lungs of arthritic versus non-arthritic 
mice, lung histology was examined. Moderate inflamma- 
tion was noted in the C57BL/6 mice with arthritis com- 
pared to no inflammation in the non-arthritic C57BL/6 
lungs. Significantly enhanced inflammation with 
increased cellular infiltration was observed in the lungs 
of PyV MT mice injected with collagen compared to 
PyV MT mice without collagen and compared to con- 
trol C57BL/6 mice with collagen (Figure 8M-R). The 
pro-inflammatory phenotype in the lung correlated with 
the severity and incidence of lung metastasis (Figure 7) 
suggesting the critical role of inflammatory cells in pro- 
moting metastasis. 

In addition, we demonstrate neutrophillic infiltration 
in the bones and lungs of arthritic versus non-arthritic 
PyV MT mice, another indicator of increased inflamma- 
tion in the arthritic organs. Representative images are 
shown in Figure 9A-C for bones and Figure 9D-F for 
lungs from the arthritic and non-arthritic PyV MT mice. 

Enhanced invasion of PyV MT tumor cells towards 
arthritic bone and lung lysate 

Thus far, our data suggests that the increased cellular 
infiltration in the lungs and bones of the arthritic mice 
versus the non-arthritic mice may be one of the 



Table 2 F4/80 positive cells in the tumors of arthritic versus non-arthritic mice (5 fields from n = 3 mice were counted) 



F4/80 

positive cells 
at 600x 
magnification 




Field 1 


Field 2 


Field 3 


Field 4 


Field 5 


Average 


StdDev 


PyV MT 1 


1 


1 


2 


0 


0 


0.8 


0.84 


PyV MT 2 


0 


0 


4 


1 


1 


1.2 


1.64 


PyV MT 3 


3 


1 


2 


0 


0 


1.2 


1.30 


PyV MT + CII at 9 wks 1 


23 


15 


12 


4 


5 


11.8 


7.79 


PyV MT + CII at 9 wks 2 


19 


7 


10 


18 


17 


14.2 


5.36 


PyV MT + CII at 9 wks 3 


22 


16 


18 


21 


16 


18.6 


2.79 


PyV MT + CII at 18 wks 1 


23 


15 


19 


14 


16 


17.4 


3.65 


PyV MT + CII at 18 wks 2 


18 


18 


12 


13 


22 


16.6 


4.10 


PyV MT + CII at 18 wks 3 


17 


23 


15 


19 


17 


18.2 


3.03 
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Figure 3 Increased expression of PCNA, VEGF and COX-2 in the arthritic PyV MT tumors. A-C: Higher number of PCNA positive cells in 
the tumors of arthritic PyV MT versus non-arthritic PyV MT. D-F: Increased expression of VEGF in the arthritic PyV MT tumors. The images of 
tumors were taken at 200x magnification. Brown staining represents positive PCNA and VEGF staining. Representative of n = 10 mice is shown. 
G: Western blot analysis of COX-2 expression. (3-actin serves as control for equal protein loading. 



Table 3 PCNA positive cells in the tumors of arthritic versus non-arthritic mice (5 fields from n = 3 mice were counted) 



PCNA positive cells at 400x magnification 




Field 1 


Field 2 


Field 3 


Field 4 


Field 5 


Average 


StdDev 


PyV MT 1 


50 


30 


34 


50 


55 


43.8 


11.05 


PyV MT 2 


27 


40 


50 


25 


32 


34.8 


10.28 


PyV MT 3 


34 


37 


48 


53 


50 


44.4 


8.38 


PyV MT + Cll at 9 wks 1 


100 


87 


92 


95 


84 


91.6 


6.35 


PyV MT + Cll at 9 wks 2 


105 


94 


86 


96 


107 


97.6 


8.56 


PyV MT + Cll at 9 wks 3 


97 


80 


78 


94 


73 


84.4 


10.50 


PyV MT + Cll at 18 wks 1 


120 


80 


125 


115 


85 


105 


20.92 


PyV MT + Cll at 18 wks 2 


97 


112 


87 


88 


94 


95.6 


10.06 


PyV MT + Cll at 18 wks 3 


89 


75 


96 


74 


85 


83.8 


9.36 
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Table 4 Quantification of VEGF staining in tumors 
(Average IntDen from 5 fields per tumor from n = 3 mice 
is shown) 



Quantification in tumor 


IntDen 




VEGF 


PyV MT 


424.93 ± 


19 


PyV MT + Cll at 9 wks 


2021.8 ± 


21 


PyVMT + CII at 18 wks 


2788.8 ± 


28 



underlying mechanisms for the increased rate of metas- 
tasis observe in the arthritic mice (Figures 4, 5, 6, 7, 8, 
9). To substantiate the chemotactic potential of the 
arthritic bone and lung, bone and lung lysates of the 
arthritic and non-arthritic mice were used as the che- 
motactic factor in an in vitro trans-well matrigel inva- 
sion assay with the PyV MT cells (generated from 
primary PyV MT tumors) in the top chamber and the 
bone and lung lysates in the bottom chamber. Data 
clearly shows that the lung and bone microenvironment 
was significantly altered in the arthritic mice to become 
more chemo-attractant to the PyV MT tumor cells (Fig- 
ure 10A and 10B). Statistically significant difference is 
provided between PyV MT and PyV MT + CII at 9 and 
18 weeks as well as C57B1/6 and C57B1/6 + CII at 9 and 
18 weeks. 

IL-17, IL-6, Pro-MMP9, IGF-II, and M-CSF may be the 
underlying factors responsible for the increased 
metastasis in the lungs and bones of arthritic mice 

To determine which factors in the bone and lung 
microenvironment may be responsible for higher inva- 
sion, thereby driving the breast cancer cells to become 
more metastatic in the arthritic model, we used the 
RayBio® Custom Mouse Cytokines Antibody Array. 
The arthritic lungs and bones expressed significantly 
higher levels of cytokines and growth factors which 
included IL-17, IL-6, Pro-MMP9, IGF-II, and M-CSF 



Table 5 Densitometry analysis of the COX-2 expression in 
the tumor using the image J software (data from n = 3 
mice is shown) 



Groups 


Densitometry analysis: COX2 


PyV MT 1 


22.28 


PyV MT 2 


24.21 


PyV MT 3 


21.67 


PyV MT + CII at 9 wks 1 


41.65 


PyV MT + CII at 9 wks 2 


40.45 


PyV MT + CII at 9 wks 3 


50.23 


PyV MT + CII at 18 wks 1 


58.17 


PyV MT + CII at 18 wks 2 


55.41 


PyV MT + CII at 18 wks 3 


45.15 



Figure 4 Percentage of mice with bone metastasis Fifty percent 
of arthritic PyV MT mice developed bone metastasis compared to 
its non-arthritic counterpart with no bone metastasis (n = 10-13 
mice). 

I J 

(Figure 10C and 10D). This was regardless of whether 
the arthritis was induced at 9 or 18 wks of age sug- 
gesting that the arthritic milieu remains stable even at 
10-12 weeks post CII injection. The levels of the pro- 
inflammatory cytokines were found to be higher in 
arthritic C57BL/6 lungs and bones compared to the 
non-arthritic C57BL/6. 

Thus, we hypothesize that the pro-inflammatory 
microenvironment in the arthritic bone and lungs may 
boost the recruitment of the PyV MT tumor and that 
the PyV MT tumor in turn significantly augments the 
levels of the cytokines in these target organs thus creat- 
ing a highly conducive microenvironment for the PyV 
MT tumors to further proliferate. 

High levels of circulating PGE 2 coupled with increased 
levels of pro-inflammatory cytokines in circulation may 
initiate primary tumors to be more metastatic in arthritic 
milieu 

We also evaluated the circulating levels of pro-inflam- 
matory cytokines and chemokines in the sera of the 
arthritic versus the non-arthritic mice. These same fac- 
tors (IL-17, IL-6, Pro-MMP9, IGF-II, and M-CSF) were 
also found to be elevated in the circulation suggesting 
their role in possibly initiating the primary tumors to be 
more metastatic (Figure 11 A). Data is presented as den- 
sitometry units. 

Lastly, but expectedly, we detected significant increase 
in PGE 2 levels in the circulation (Figure 11B). Elevated 
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PyV MT + CM at 9 wks 



PyV MT + Cllat18wk 



H 




Figure 5 Metastatic bone lesions accompanied with increased expression of Pancytokeratin in the bones of arthritic PyV MT mice. A- 

F: Representative x-ray images of bones. A-D: Bones from C57/BL6 mice injected with Cll at 9 and 18 wks and PyV MT mice with no metastatic 
lesions; E and F: Bones from PyV MT + Cll at 9 wks and 18 wks respectively (shows distinct severe osteolytic bone lesion in distal femur as 
indicated by the arrow). N = 8 mice from each group were examined using the x-ray imaging. G-l: Pancytokeratin positive staining observed in 
the bones of arthritic PyV MT mice. Brown staining represents positive staining. The images were taken at 400x magnification. Representative of 
n = 10 mice is shown. 
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Figure 6 Percentage of PyV MT mice that developed lung 

metastasis. PyV MT mice + Cll at 9 and 18 wks had two fold 
increase in lung metastasis as compared to PyV MT without Cll (n = 
10-13 mice). 



PGE 2 is a hall mark of arthritis and is known to enhance 
primary tumor cells to become highly angiogenic and 
metastatic. 

Treatment with anti-IL-17 and a COX-2 inhibitor 
significantly reduced the secondary metastasis in the 
arthritic PyV MT mice 

The goal of our studies is to find a possible therapy for 
arthritis-induced breast cancer metastases. Both IL-17 
and COX-2 are reasonable targets as both were up-regu- 
lated in the arthritic mice and both are used clinically 
for treatment of arthritis. IL-17 is known to also med- 
iate proinflammatory effects by stimulating the release 
of multiple other cytokines such as IL-6, IL-8, GM-CSF, 
TGF-p, TNF-a and G-CSFs from epithelial, endothelial, 
and fibroblastic cells. In addition, it is an emerging ther- 
apeutic target for cancer metastasis and arthritis [24-26]. 
High levels of cyclooxygenase 2 (COX-2) is linked to 
both AA and breast cancer metastasis [27]. We treated 
the arthritic PyV MT mice with a combination of cele- 
coxib, a specific COX-2/PGE 2 inhibitor, and a neutraliz- 
ing antibody against IL-17. Excitingly, the incidence of 
secondary metastasis was significantly reduced in the 
arthritic PyV MT mice treated with a combination of 
celecoxib and a neutralizing antibody against IL-17 (Fig- 
ure 12A and 12B). Lysates from metastatic sites in trea- 
ted mice were further evaluated for their chemo 
attractant properties and were found to be significantly 
less attractant than bone and lung lysates from 



untreated arthritic PyV MT mice (Figure 12C and 12D). 
In fact the level of chemo attractant was as low as the 
non-arthritic PyV MT mice suggesting that the anti-IL- 
17 antibody and celecoxib reduced the levels of IL-17 
and PGE 2 which in turn reduced the levels of all other 
factors that were up regulated in the arthritic lung and 
bone lysates (data not shown). 

Discussion 

Inflammation is a critical component of tumor progres- 
sion and metastasis as well as arthritis [28-31]. Many 
processes that occur during arthritis also occur during 
tumorigenesis including uncontrollable growth, inflam- 
mation, increased vascularity and common cytokines 
and growth factors that are regulated in both. The 
tumor microenvironment, which is largely orchestrated 
by inflammatory cells, is critical in the neoplastic pro- 
cess, fostering proliferation, survival and migration [32]. 
It is indeed interesting that post-menopausal women 
who are usually prone to developing some form of auto- 
immune arthritis including osteoarthritis, RA, or inflam- 
matory polyarthritis are also the most likely candidates 
to develop breast cancer. Thus, it is not unlikely that 
the two diseases co-exist in these women. Although 
there are several studies implicating inflammation as the 
initiator of tumor formation and/or mediator of progres- 
sion, there is minimal research on whether prior inflam- 
mation at the site of metastasis produces a fertile 
ground for primary tumor cells to home and proliferate. 
Our study begins to evaluate whether arthritis which 
causes inflammation in the bones and lungs enhances 
secondary metastasis to those sites. A significant 
increase in breast cancer-associated metastasis to the 
lungs and bones was observed in the arthritic versus the 
non-arthritic PyV MT mice (Figures 4, 5, 6, 7) along 
with increase in primary tumor burden (Figure 1). Com- 
pared with the non-arthritic C57BL/6, the lungs and 
bones of the arthritic C57BL/6 expresses moderate levels 
of inflammation even before any tumor challenge sug- 
gesting a pro-inflammatory milieu that may be responsi- 
ble for attracting the PyV MT metastatic cells to the 
lungs and bones as demonstrated in the in vitro invasion 
assay (Figure 10A and 10B). Once the PyV MT cells 
home to the lungs or bones, the levels of interstitial cel- 
lular infiltrates and pro-inflammatory cytokines are 
exponentially increased which is characterized by promi- 
nent cytokines IL-17, IL-6, Pro-MMP9, IGF-II and M- 
CSF (Figure 10C and 10D). The levels of these cytokines 
along with PGE 2 are also upregulated in the circulation 
(Figure 11 A and 11B). These pro-inflammatory cyto- 
kines along with inflammatory microenvironment can 
facilitate tumor cell extravasation and promote metasta- 
sis. This is further substantiated when treatment with 
celecoxib + aIL-17 antibody significantly reduced the 
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C57/BL6 + Cll at 9 wks C57/BL6 + Cll at 18 wks 
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Py V MT+CII at 9 wks PyV MT+CII at 1 8 wks 




Figure 7 Images demonstrating clear metastatic lesions in the lungs of arthritic PyV MT mice. A-F: Representative images of lungs 
showing metastatic lesions. A-CC57/BL6 mice, C57/BL6+CII at 9 and 18 wks (no metastatic lesions) D: PyV MT mice(no metastatic lesions); E 
and F: PyV MT+ Cll at 9 and 18 wks respectively (arrows represent lung lesions); G-L: H&E of the lung sections: The arrows represent metastatic 
lesions in PyV MT + Cll at 9 and 18 wks (K and L) versus no lesions in control C57/BL6, C57/BL6 + Cll at 9 or 18 wks and PyV MT lung (G - J). N 
= 10-13 mice from each group were examined with similar results. The images of the H&E sections were taken at 400x magnification. 
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Figure 8 Histology of bones and lungs, and osteoclast staining of bones of the arthritic versus non-arthritic PyV MT mice. A-F: H&E 

staining of sections from the joints. A: C57BL/6 (no inflammation); B: C57BL/6 mice + Cll at 9 wks (moderate inflammation); C: C57BL/6 mice + 
Cll at 18 wks (moderate inflammation); D: control PyV MT mice (no inflammation); E: PyV MT mice + Cll at 9 wks (erosion of articular cartilage 
and bone with severe inflammation); F: PyV MT mice + Cll at 18 wks (severe inflammation in the phalangeal joints); G-L: Masson trichome 
staining of bone sections for presence of osteoclasts. G: C57/BL6 mice (no osteoclasts); H: C57BL/6 + Cll at 9 wks (few osteoclasts marked with 
arrows); I: C57BL/6 mice + Cll at 18 wks (few osteoclasts marked with arrows); J: PyV MT mice (no osteoclasts); K: PyV MT mice + Cll at 9 wks 
(multiple osteoclasts marked with arrows); L: PyV MT mice + Cll at 18 wks (multiple osteoclasts marked with arrows). M-R: H&E staining of 
sections from the lungs. M: control C57BL/6 (no inflammation); N: C57BL/6+CII at 9 wks(moderate inflammation); O: C57BL/6+CII at 18 wks 
(moderate inflammation); P: control PyV MT mice (no inflammation); Q: PyV MT mice + Cll at 9 wks (severe inflammation); R: PyV MT mice + Cll 
at 18 wks (severe inflammation). The H&E images of the joints and lungs were taken at 200x and 400x magnification respectively and the 
Masson Trichome bone images taken at 400x magnification. Representative of n = 10 mice is shown. 
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Table 6 Quantification of inflammation in the bones 
(Average IntDen from 5 fields per bone from n = 3 mice 
is shown). 

Quantification of inflammation in bone 



Group IntDen 

C57BL/6 0 

C57BL/6 + Cll at 9 wks 50 ± 38 

C57BL76 + Cll at 18 wks 72 ± 12 

PyVMT 0.0 

PyV MT+CII at 9 wks 232 ± 15 

PyV MT+CII at 18 wks 265 ± 20 



metastasis to lung and bone (Figure 12). This study 
undoubtedly authenticates our previous study [9]. 

The tumor microenvironment itself is regarded as a 
"smoldering" inflammation site in which many cyto- 
kines, chemokines, and enzymes mediate the inflamma- 
tory process and drive malignant progression [33]. We 
observed increased inflammation into the tumor site of 
the arthritic PyV MT mice possibly remodeling the 
tumor microenvironment (Figure 2). For tumors to 
develop in size and amplify metastatic potential, they 
must make an "angiogenic switch" through perturbing 
the local balance of pro-angiogenic and anti-angiogenic 




PyV MT + Cll at 18 wk PyV MT + Cll at 18 wk 




Figure 9 Increased infiltration of neutrophils in the bones and lungs of arthritic PyV MT mice. A-F: Naphthol AS-D chloroacetate esterase 

staining of the bones and lungs for neutrophils. Increased infiltration of neutrophils in bones (A-C) and lungs (D-F) of arthritic PyV MT mice 
indicated by arrows. Representative of 10 fields in n = 10 mice is shown. The images of the bones and lungs were taken at 400x and 200x 
magnification respectively. 
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Figure 10 Higher invasion of PyV MT cells towards the bone and lung lysate of the arthritic versus non-arthritic PyV MT mice. Up 

regulation of several cytokines in the lung and tumor microenvironment. A and B: Significantly higher invasion index of the PyV MT tumor cells 
towards the arthritic bone and lung lysate in an in vitro matrigel invasion assay (* p < 0.05 compared to the non-arthritic PyV MT lung and bone 
lysate). C and D: A graphical representation of the up regulated cytokines in the bone and lung lysate (*p < 0.05, **p < 0.01, ***p < 0.001). The 
Ray Biotech cytokine array kit was utilized for this experiment. Average of n = 4 mice. The statistical differences between groups are shown with 
horizontal bars. We have compared 1) C57BI/6 with C57BI/6 + Cll at 9 and 18 weeks; and 2) PyV MT with PyV MT + Cll at 9 and 18 weeks. 
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Figure 11 Serum analysis revealed up regulation of various cytokines along with PGE2 which may be the underlying factor 
contributing to increased metastasis in arthritic mice. A: A graphical representation of the up regulated cytokines in the bone and lung 
lysate (*p < 0.05, **p < 0.01, ***p < 0.001). The Ray Biotech cytokine array kit was utilized for this experiment and average of n = 4 mice. B: 
Increased circulating PGE 2 in the arthritic versus the non-arthritic PyV MT mice (*p < 0.01 versus PyV MT mice), n = 10 mice per group. A specific 
ELISA was used for this experiment. The statistical differences between groups are shown with horizontal bars. We have compared the statistical 
differences between 1) C57BI/6 with C57BI/6 + Cll at 9 and 18 weeks; and 2) PyV MT with PyV MT + Cll at 9 and 18 weeks. 
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Figure 12 Treatment with anti-ILI 7 antibody and celecoxib significantly reduced secondary metastasis in the arthritic PyV MT mice. 

Percent of mice that developed A) bone and B) lung metastasis post treatment. Fifty percent decrease in bone and lung metastasis in mice 
treated with the combination therapy. N = 4 mice per group. C and D: Percent of PyV MT cells that invaded through the matrigel in an in vitro 
invasion assay with C) bone lysate or D) lung lysate in the bottom chamber. Lysates from lung and bone of treated arthritic PyV MT mice were 
significantly less chemotactic than lysates from untreated arthritic PyV MT mice. (* p < 0.05). N = 3 from each group. The statistical differences 
between groups are shown with horizontal bars. The statistical differences were compared between 1) C57BI/6 with C57BI/6 + Cll at 9 and 18 
weeks; and 2) PyV MT with PyV MT + Cll at 9 and 18 weeks. 
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factors. Frequently, tumors over express pro-angiogenic 
factors, such as PGE 2 and VEGF, allowing them to 
make this angiogenic switch [34]. We observed 
increased VEGF and COX-2 expression in the tumors of 
arthritic PyV MT mice compared to non-arthritic 
tumors (Figure 3) possibly inducing an "angiogenic 
switch" and contributing to invasiveness of the cells. 

Cytokines and prostaglandins play an essential role in 
the development of arthritis [35]. Several cytokines have 
been implicated in the mechanism of synovial cell acti- 
vation and joint destruction in AA [36]. At the same 
time, cytokines also play an imperative role in cancer 
development and progression. In fact, elevated serum 
M-CSF predicts reduced survival in metastatic breast 
cancer patients [37]. At the same time, the M-CSF pro- 
duced by breast cancer cells and surrounding stroma 
increases osteoclast formation and maturation and 
enhances the expression of stromal RANK ligand, both 
of which increase osteolytic bone degradation [38]. M- 
CSF also contributes to the pathogenesis of RA through 
up regulation of neutrophil gelatinase-associated lipoca- 
lin (NGAL) in neutrophils, followed by induction of 
transitional endoplasmic reticulum ATPase (TERA), 
cathepsin D and transglutaminase 2(TG2) in synovio- 
cytes [39]. Pro-MMP9 concentration in sera and joint 
fluids of RA patients is reported to be significantly 
higher which correlates with our mouse model where 
the Pro-MMP9 levels are up regulated in the arthritic 
bone, lungs microenvironment as well as in the sera 
[40]. It is reported that cathepsin G is up regulated 
through tumor stromal interactions and activates Pro- 
MMP9, active MMP9 cleaves and releases active TGF- 
beta, and active TGF-beta can then promote tumor 
growth and enhance osteoclast activation and subse- 
quent bone resorption [41]. Over expression of IGF-II is 
reported in multiple types of cancer and is proposed as 
a potential mechanism for cancer cells to develop resis- 
tance to IGF-lR-targeting therapy [42]. IL-17 acts on 
osteoblasts by stimulating COX-2-dependent PGE 2 and 
osteoclast differentiation factor which differentiates 
osteoclast progenitors into mature osteoclasts, causing 
bone resorption. PGE 2 interacts with its eicosanoid 
receptors to induce the damage [26]. It is found that 
synovial fluids of patients with RA contain high levels of 
the cytokines IL-17 and IL-15 [43]. Cytokines play a 
crucial role in the regulation of inflammatory events. 
Inflammatory disorders such as RA are characterized by 
an overproduction of several cytokines including IL-6 
[44]. IL-6 on the other hand is an autocrine and para- 
crine growth factor for several cancers, including breast 
cancer [45,46] and both IL-17 and IL-6 stimulates can- 
cer cell growth and contributes to recurrence and 
metastasis in breast cancer [47-49]. 



Conclusion 

The data clearly shows that breast cancer associated 
metastasis is increased in arthritic conditions and block- 
ing the IL-17 and COX-2 pathways significantly reduces 
the development of secondary metastasis in a sponta- 
neous model of breast cancer induced to develop 
arthritis. 

List of abbreviations 

(AA): Autoimmune arthritis; (Ql): Type II collagen; (CIA): Collagen-induced 
arthritis; (CFA): Complete Freund's adjuvant; (IL-17): lnterleukin-1 7; (IL-6): 
lnterleukin-6; (Pro-MMP9): Pro- Matrix metallopeptidase 9; (GF-II): Insulin like 
growth factor-ll; (M-CSF): Macrophage colony stimulating factor; (PCNA): 
Proliferating cell nuclear antigen; (C0X-2): Cyclooxygenase-2; (VEGF): Vascular 
endothelial growth factor. 

Acknowledgements 

We are grateful to Dr Ronald J. Marler, Dr Gendler, and Dr Lee at Mayo 
Clinic for their valuable advice. We are grateful to all personnel at the Mayo 
Clinic Animal Facility for their help. We thank Natalia Zinchenko from the 
Carolinas Medical Center for help with bone imaging. We thank Dr Jennifer 
Curry for reviewing the paper. We thank Mahnaz Sahraei for immense 
support. 

This work was funded by The Department of Defense Breast Cancer 
Research Program awards: BC063396 and BC087792 

Author details 

1 University of North Carolina at Charlotte, Dept. of Biology, 9201 University 
City Blvd., NC 29223,USA. 2 Carolinas Medical Center, Light Microscopy and 
Imaging Center, NC 28232, USA. 3 Mayo Clinic in Arizona, Department of 
Immunology, 13400 E. Shea Blvd. Scottsdale, AZ 85259, USA. 4 Carolinas 
Medical Center, Department of Orthopedic Surgery, NC 28232, USA. 

Authors' contributions 

LDR designed and carried out the experiments, and wrote the manuscript. 
LP and TT helped with the dissections and endpoints. HEG interpreted the 
x-ray imaging. SG conducted the quantification of the IHC images. PM is the 
principal investigator of the laboratory in which the research was performed 
and contributed to the interpretation of the data and writing of the 
manuscript. 

All of the authors have read and have approved the final manuscript. 
Authors' information 

Pinku Mukherjee, PhD, Irwin Belk Distinguished Professor of Cancer Research, 
Department of Biology, University of North Carolina, Charlotte, NC. Dr 
Mukherjee has worked on Breast Cancer for the past 22 years. 
Lopamudra Das Roy, PhD, Research assistant professor, Department of 
Biology, University of North Carolina, Charlotte, NC. Dr Roy has received 
funding for her work in Breast Cancer Research from The US Department of 
Defense. 

Sriparna Ghosh, PhD, Director, Microscopy and Imaging Core Facility, 
Carolinas Medical Center, Charlotte, NC. Dr Ghosh has over 10 years of 
experience in breast, pancreatic, multiple myeloma and testicular cancer 
research. 

Latha Pathangey, MSc, senior technologist, Mayo Clinic Arizona, Department 
of Biochemistry/Molecular Biology, Scottsdale, AZ. Ms Pathangey has worked 
with Dr Mukherjee for five years at Mayo Clinic. 

Teresa Tinder, BSc, senior technologist, Mayo Clinic Arizona, Department of 
Immunology, Scottsdale, AZ has worked with Dr Mukherjee for 10 years. 
Helen E. Gruber, PhD, Director, Biology Division, Department of Orthopedic 
Surgery, Carolinas Medical Center, Charlotte, NC. Dr Gruber has over 27 years 
of experience in the area of bone pathology and osteoarthritis and bone 
metastasis. 

Competing interests 

The authors declare that they have no competing interests. 



Roy et al. BMC Cancer 201 1 , 1 1 :365 
http://www.biomedcentral.eom/1 471 -2407/1 1 /365 



Page 1 9 of 20 



Received: 28 April 201 1 Accepted: 22 August 201 1 
Published: 22 August 2011 

References 

1. Rose AA, Siegel PM: Breast cancer-derived factors facilitate osteolytic 
bone metastasis. Bull Cancer 2006, 93(9):93 1-943. 

2. Majithia V, Geraci SA: Rheumatoid arthritis: diagnosis and management. 
Am J Med 2007, 120(1 1):936-939. 

3. Ji J, Liu X, Sundquist K, Sundquist J: Survival of cancer in patients with 
rheumatoid arthritis: a follow-up study in Sweden of patients 
hospitalized with rheumatoid arthritis 1 year before diagnosis of cancer. 
Rheumatology (Oxford) 201 1, 50(8):1 51 3-1 51 8. 

4. Franklin J, Lunt M, Bunn D, Symmons D, Silman A: Influence of 
inflammatory polyarthritis on cancer incidence and survival: results from 
a community-based prospective study. Arthritis Rheum 2007, 
56(3):790-798. 

5. Mellemkjaer L, Linet M, Gridley G, Frisch M, Moller H, Olsen J: [Rheumatoid 
arthritis and risk of cancer]. Ugeskr Laeger 1998, 160:3069-3073. 

6. Askling J, Fored C, Brandt L, Baecklund E, Bertilsson L, Feltelius N, Coster L, 
Geborek P, Jacobsson L, Lindblad S, Lysholm J, Rantapaa-Dahlqvist S, 
Saxne T, Klareskog L: Risks of solid cancers in patients with rheumatoid 
arthritis and after treatment with tumour necrosis factor antagonists. 
Ann Rheum Dis 2005, 64:1421-1426. 

7. Askling J, Fored CM, Baecklund E, Brandt L, Backlin C, Ekbom A, 
Sundstrom C, Bertilsson L, Coster L, Geborek P, Jacobsson LT, Lindblad S, 
Lysholm J, Rantapaa-Dahlqvist S, Saxne T, Klareskog L, Feltelius N: 
Haematopoietic malignancies in rheumatoid arthritis: lymphoma risk 
and characteristics after exposure to tumour necrosis factor antagonists. 
Ann Rheum Dis 2005, 64(1 0):1 41 4-1 420. 

8. Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, Giri DD, Viale A, Olshen AB, 
Gerald WL, Massague J: Genes that mediate breast cancer metastasis to 
lung. Nature 2005, 436(7050):5 18-524. 

9. Das Roy L, Pathangey L, Tinder T, Schettini J, Gruber H, Mukherjee P: Breast 
cancer-associated metastasis is significantly increased in a model of 
autoimmune arthritis. Breast Cancer Research 2009, 11(4):R56.. 

10. Guy CT, Cardiff RD, Muller WJ: Induction of mammary tumors by 
expression of polyomavirus middle T oncogene: a transgenic mouse 
model for metastatic disease. Mol Cell Biol 1992, 12(3):954-961. 

1 1 . Cardiff RD, Muller WJ: Transgenic mouse models of mammary 
tumorigenesis. Cancer Surveys 1993, 16:97-113. 

12. Maglione JE, Moghanaki D, Young LJ, Manner CK, El lies LG, Joseph SO, 
Nicholson B, Cardiff RD, MacLeod CL: Transgenic Polyoma middle-T mice 
model premalignant mammary disease. Cancer Res 2001, 
61(22):8298-8305. 

13. Mukherjee P, Madsen CS, Ginardi AR, Tinder TL, Jacobs F, Parker J, 
Agrawal B, Longenecker BM, Gendler SJ: Mucin 1 -specific immunotherapy 
in a mouse model of spontaneous breast cancer. J Immunother 2003, 
26(1):47-62. 

14. Brand D, Latham K, Rosloniec E: Collagen-induced arthritis. Nat Protoc 
2007, 2:1269-1275. 

15. Fournier C: Where do T cells stand in rheumatoid arthritis? Joint Bone 
Spine 2005, 72(6):527-532. 

16. Basu GD, Tinder TL, Bradley JM, Tu T, Hattrup CL, Pockaj BA, Mukherjee P: 
Cyclooxygenase-2 Inhibitor Enhances the Efficacy of a Breast Cancer 
Vaccine: Role of IDO. J Immunol 2006, 1 77(4):2391 -2402. 

17. Basu GD, Pathangey LB, Tinder TL, LaGioia M, Gendler SJ, Mukherjee P: 
COX-2 inhibitor induces apoptosis in breast cancer cells in an in vivo 
model of spontaneous metastatic breast cancer. Molecular Cancer 
Research 2004, 2:632-642. 

18. Xia J, Tanaka Y, Koido S, Liu C, Mukherjee P, Gendler SJ, Gong J: Prevention 
of spontaneous breast carcinoma by prophylactic vaccination with 
dendritic/tumor fusion cells. J Immunol 2003, 170(4):1 980-1 986. 

19. Chen D, Xia J, Tanaka Y, Chen H, Koido S, Wernet O, Mukherjee P, 
Gendler SJ, Kufe D, Gong J: Immunotherapy of spontaneous mammary 
carcinoma with fusions of dendritic cells and mucin 1 -positive 
carcinoma cells. Immunology 2003, 109(2):300-307. 

20. Tinder TL, Subramani DB, Basu GD, Bradley JM, Schettini J, Million A, 

Skaar T, Mukherjee P: MUC1 enhances tumor progression and contributes 
toward immunosuppression in a mouse model of spontaneous 
pancreatic adenocarcinoma. J Immunol 2008, 1 81 (5):31 16-3125. 



21. Roy LD, Sahraei M, Subramani DB, Besmer D, Nath S, Tinder TL, Bajaj E, 
Shanmugam K, Lee YY, Hwang SI, Gendler SJ, Mukherjee P: MUC1 
enhances invasiveness of pancreatic cancer cells by inducing epithelial 
to mesenchymal transition. Oncogene 2011, 30(1 2):1 449-1 459. 

22. Walker RA: Quantification of immunohistochemistry-issues concerning 
methods, utility and semiquantitative assessment I. Histopathology 2006, 
49(4):406-410. 

23. Woo M, Nordal R: Commissioning and evaluation of a new commercial 
small rodent x-ray irradiator. Biomed Imaging Interv J 2006, 2(1):e10. 

24. Kryczek I, Wei S, Zou L, Altuwaijri S, Szeliga W, Kolls J, Chang A, Zou W: 
Cutting edge: Th17 and regulatory T cell dynamics and the regulation 
by IL-2 in the tumor microenvironment. J Immunol 2007, 178:6730-6733. 

25. Jin D, Zhang L, Zheng J, Zhao Y: The inflammatory Th 17 subset in 
immunity against self and non-self antigens. Autoimmunity 2008, 
41(2):154-162. 

26. Kotake S, Udagawa N, Takahashi N, Matsuzaki K, Itoh K, Ishiyama S, Saito S, 
Inoue K, Kamatani N, Gillespie MT, Martin TJ, Suda T: IL-17 in synovial 
fluids from patients with rheumatoid arthritis is a potent stimulator of 
osteoclastogenesis. J Clin Invest 1999, 103(9):1 345-1 352. 

27. Arun B, Goss P: The role of COX-2 inhibition in breast cancer treatment 
and prevention. Semin Oncol 2004, 31(2 Suppl 7):22-29. 

28. Ziegler J: Cancer and arthritis share underlying processes. J Natl Cancer 
Inst 1998, 90(11):802-803. 

29. Coussens LM, Werb Z: Inflammation and cancer. Nature 2002, 
420(691 7):860-867. 

30. Philip M, Rowley D, Schreiber H: Inflammation as a tumor promoter in 
cancer induction. Semin Cancer Biol 2004, 14:433-439. 

31. Clevers H: At the crossroads of inflammation and cancer. Cell 2004, 
11 8(6):67 1-674. 

32. Balkwill F, Charles KA, Mantovani A: Smoldering and polarized 
inflammation in the initiation and promotion of malignant disease. 
Cancer Cell 2005, 7(3):21 1-217. 

33. Huang B, Lei Z, Zhang GM, Li D, Song C, Li B, Liu Y, Yuan Y, Unkeless J, 
Xiong H, Zuo F: SCF-mediated mast cell infiltration and activation 
exacerbate the inflammation and immunosuppression in tumor 
microenvironment. Blood 2008, 1 12(4):1 269-1 279. 

34. Folkman J: Role of angiogenesis in tumor growth and metastasis. 
Seminars in oncology 2002, 29(6 Suppl 1 6):1 5-1 8. 

35. Sakaguchi S, Sakaguchi N: Regulatory T cells in immunologic self- 
tolerance and autoimmune disease. Int Rev Immunol 2005, 24(3- 
4):2 11-226. 

36. Arend WP, Dayer JM: Inhibition of the production and effects of 
interleukin-1 and tumor necrosis factor alpha in rheumatoid arthritis. 

Arthritis Rheum 1995, 38(2):1 51 -160. 

37. Toy EP, Azodi M, Folk NL, Zito CM, Zeiss CJ, Chambers SK: Enhanced 
ovarian cancer tumorigenesis and metastasis by the macrophage 
colony-stimulating factor. Neoplasia (New York, NY) 2009, 1 1 (2):1 36-144. 

38. Leitzel KES, Walsh R, Abraham J, Modur V, Braendle E, Evans DB, Ali SM, 
Demers L, Lipton A: Elevated serum M-CSF level predicts reduced 
survival in metastatic breast cancer patients. Journal of clinical oncology 
2007, 25(2007 ASCO Annual Meeting Proceedings Part I. Vol 25, No. 18S 
(June 20 Supplement), 2007: 10591). 

39. Katano M, Okamoto K, Arito M, Kawakami Y, Kurokawa MS, Suematsu N, 
Shimada S, Nakamura H, Xiang Y, Masuko K, Nishiok K, Yudoh K, Kato T: 
Implication of granulocyte-macrophage colony-stimulating factor 
induced neutrophil gelatinase-associated lipocalin in pathogenesis of 
rheumatoid arthritis revealed by proteome analysis. Arthritis Res Ther 
2009, 11(1):R3. 

40. Seki M, Uzuki M, Ohmoto H, Yoshino K, Maeda S, Kokubun S, Sakurai M, 
Sawai T: [Matrix metalloproteinase (MMP-9) in patients with rheumatoid 
arthritis]. Ryumachi 1995, 35(5):792-801. 

41. Wilson TJ, Nannuru KC, Singh RK: Cathepsin G-mediated activation of pro- 
matrix metalloproteinase 9 at the tumor-bone interface promotes 
transforming growth factor-beta signaling and bone destruction. Mol 
Cancer Res 2009, 7(8):1 224-1 233. 

42. Gao J, Chesebrough JW, Cartlidge SA, Ricketts SA, Incognito L, Veldman- 
Jones M, Blakey DC, Tabrizi M, Jallal B, Trail PA, Coats S, Bosslet K, Chang YS: 
Dual IGF-l/ll-neutralizing antibody MEDI-573 potently inhibits IGF 
signaling and tumor growth. Cancer Res 201 1, 71 (3):1 029-1 040. 

43. Ziolkowska M, Koc A, Luszczykiewicz G, Ksiezopolska-Pietrzak K, Klimczak E, 
Chwalinska-Sadowska H, Maslinski W: High levels of IL-17 in rheumatoid 



Roy et al. BMC Cancer 201 1 , 1 1 :365 
http://www.biomedcentral.eom/1 471 -2407/1 1 /365 



Page 20 of 20 



arthritis patients: IL-15 triggers in vitro IL-17 production via cyclosporin 
A-sensitive mechanism. J Immunol 2000, 1 64(5):2832-2838. 

44. Tilg H, Kaser A: IL-6 and arthritis: a detrimental or beneficial mediator? 

Drugs 1998, 1 (8):890-895. 

45. Ben-Baruch A: Inflammation-associated immune suppression in cancer: 
the roles played by cytokines, chemokines and additional mediators. 

Semin Cancer Biol 2006, 1 6(1 ):38-52. 

46. Sansone P, Storci G, Tavolari S, Guarnieri T, Giovannini C, Taffurelli M, 
Ceccarelli C, Santini D, Paterini P, Marcu KB, Cheico P, Bonafe M: IL-6 
triggers malignant features in mammospheres from human ductal 
breast carcinoma and normal mammary gland. The Journal of clinical 
investigation 2007, 117(12)3988-4002. 

47. Nam JS, Terabe M, Kang MJ, Chae H, Voong N, Yang YA, Laurence A, 
Michalowska A, Mamura M, Lonning S, Berzofsky JA, Wakefield LM: 
Transforming growth factor beta subverts the immune system into 
directly promoting tumor growth through interleukin-17. Cancer research 
2008, 68(10)3915-3923. 

48. Zhu X, Mulcahy LA, Mohammed RA, Lee AH, Franks HA, Kilpatrick L, 
Yilmazer A, Paish EC, Ellis 10, Patel PM, Jackson AM: IL-17 expression by 
breast-cancer-associated macrophages: IL-17 promotes invasiveness of 
breast cancer cell lines. Breast Cancer Res 2008, 10(6):R95. 

49. Leek RD, Harris AL: Tumor-associated macrophages in breast cancer. J 
Mammary Gland Biol Neoplasia 2002, 7(2):1 77-1 89. 

Pre-publication history 

The pre-publication history for this paper can be accessed here: 
http://www.biomedcentral.eom/1471-2407/1 1/365/prepub 



doi:1 0.1 1 86/1 471-2407-1 1 -365 

Cite this article as: Roy et al.: Collagen induced arthritis increases 
secondary metastasis in MMTV-PyV MT mouse model of mammary 
cancer. BMC Cancer 201 1 11 :365. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 

Submit your manuscript at (^\ RioMM i r pnt ^\ 

www.biomedcentral.com/submit Blomea ^ enirai 



